New experiments on a bird species able to remember the sites of thousands of cached seeds have revealed how a site can be specified by combining distance information from several landmarks. Clark's nutcrackers (Nucifraga columbiana) cache tens of thousands of seeds in the autumn and recover them over the following winter and spring. They remember their caching sites with precision, using their memory of nearby visual landmarks to locate them. In the laboratory, they readily learn to find seeds hidden by an experimenter. Nutcrackers are becoming a favoured species for analysing problems of landmark learning and use, and in two recent papers [1,2] Kamil and Jones have introduced a new method which allows them to explore how distance information from several landmarks is combined to determine where a bird looks for buried seeds. The results are provocative because they seem to demonstrate that birds learn geometric rules.
Studies on both rodents [3, 4] and birds [5] [6] [7] [8] [9] [10] [11] have indicated that animals can locate buried food, and other significant goals, by learning the distances and bearings of individual, recognizable landmarks from the goal. One question awaiting an answer is how animals combine information from several landmarks in order to pinpoint a site. Useful data bearing on this question have been hard to come by. One approach to this question is to train animals to find food in a position that is specified by an array of landmarks. The array is then transformed and the animal's search distribution is recorded when no food is present. If the array is expanded by a large amount, a 'winner take all' mechanism often comes into play so that at any one moment the animal's search is determined by just one member of the array. If one landmark is normally much closer to the goal than the rest, then that landmark dictates the animal's search [3, 7, 9, 10] . In other cases, the search is distributed over several sites, each site corresponding to the usual bearing and distance of the food from one of the landmarks in the array [3, 11] . Such data reveal little about interactions between landmarks, just that animals learn the locations of several. Smaller transformations of an array should be more informative, but have not been much used.
The approach of Kamil and Jones [1, 2] was to train nutcrackers to search for buried seeds along a line segment that connected two cylindrical landmarks of different colours. In some experiments the food was always hidden halfway between the cylinders and in others, the experiments that are principally considered here, the seeds were always a quarter of the line segment from one cylinder and three quarters of the segment from the other (Figure 1 ). The novel part of the experimental procedure was to vary the absolute distance between cylinders during training. From trial to trial, the separation ranged between 38 and 98 cm; but the 1:3 ratio of the two distances from the seed to the cylinders remained constant. This procedure accustoms birds to transformations of the array, so that their behaviour is less likely to be disrupted by changes that go beyond the training range.
Birds readily mastered the problem and searched on the line segment at a point where the ratio of the two distances to the cylinders was the required 1:3 ( Figure 1a ). The birds' performance was not impaired when the separation of landmarks was decreased or slightly increased beyond the training separations to 28 or 108 cm ( Figure 1b) . The birds' search must be governed by their distance from both landmarks. How do they combine information from the two landmarks and what mechanisms might allow them to take fixed ratios and generalize the rule beyond the training set? For brevity, the following discussion is limited to the case where landmarks and goal lie on the same line.
My starting point in an attempt to provide an explanation is the assumption that, when a bird is at a distance from a learned food site or goal, an error signal that can be considered as a 'restoring force' brings the bird back to that goal. The strength of this force is postulated to increase linearly with the bird's distance from the goal (equation 1 below), pushing the bird away from the landmark if the bird is on the near side of the goal and pulling it towards the landmark if it is on the far side. It is helpful to think of the goal as an equilibrium point where the restoring force is zero (Figure 2a ). If we suppose that birds learn some visual cue to the distance of the landmark from the site, then the amplitude of the restoring force can be envisaged as the magnitude of the difference between the stored and the current value of that cue.
Only two further assumptions are needed. The first is that the slope of the line relating restoring force to the distance of the landmark from the goal varies as the reciprocal of that distance (equation 2 below, and see Figure 3a ). The empirical basis for this assumption is the common finding that landmarks near to a goal control a bird's search more strongly than do distant ones [7, 9, 10] . In terms of visual cues to distance, it is clear that cues from close landmarks change more rapidly with distance, and thus provide a larger error signal, than do cues from more remote landmarks. The restoring force, R, associated with a site at a distance D sl from a single landmark to the left can thus be described by the two linear equations:
where d bs is the bird's distance from the food site, m is the slope of the relation between R and d bs , and a is a constant.
The second required assumption is that, when several landmarks define a goal, the net restoring force is the linear sum of the component forces contributed by each landmark. Figure 2a shows the outcome of applying these assumptions to simulated tests on a bird that has been trained to find a seed that is located between two landmarks. The seed is located a quarter of the landmark separation from one landmark and three-quarters from the other. In this introductory example, only one training separation has been used, but we shall see later that the model behaves similarly when there are several training separations. The net restoring force is zero at the training site. If tests are given with the separation increased from the training value, the component restoring forces will be in equilibrium, with a net value of zero, at a point where the ratio of the distances to the two landmarks is 1:3. Thus, the model yields extrapolation with only a single training separation.
In practice, extrapolation was not seen when birds that had been trained to the centre of an array of landmarks were tested with that array expanded [11] . In these experiments on pigeons, the expansion was by a large percentage and the bird's search at any time was controlled by one of the landmarks, suggesting, as mentioned earlier, the operation Dispatch R719
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The 'equilibrium point' after training to a goal situated between two landmarks, as in Figure 1 . (Figure 1c) . When birds were presented with the cylinder that was more distant from the seeds, they searched at about the mean of the different training distances of the seeds from that cylinder. But in tests with the cylinder that was closer to the seeds, the search point was closer to the cylinder than the mean distance of the seeds (Figure 1c) .
The model can predict this behaviour. For each training separation we suppose, as before, that there is a restoring force associated with each cylinder (Figure 3b ). These component forces are simply averaged or summed to give a net restoring force for each cylinder. In tests with one cylinder, the equilibrium point lies where the net value of the component forces associated with that cylinder is zero. Over regions where D sl is small, the slope of the restoring force decreases rapidly with increasing distance of the seed from the cylinder. Consequently, the equilibrium point of the component forces is appreciably closer to the landmark than the average of the equilibrium points of each component (Figure 3b ). These two values converge as the training distances between seed and landmarks increase and the slope changes more gradually with D sl .
The key to understanding what happens in tests with two cylinders is the constancy of the value of the ratio of the slopes of the restoring forces associated with the two cylinders. This ratio is the same for all the training separations and so remains the same for the combined slopes (Figure 2b) . Consequently, the value of the equilibrium point is the same, whether training has been with several landmark separations or with just one (Figure 2 ).
Two principal conclusions emerge from this discussion that may contribute to our understanding of the use of multiple landmarks. The first is that nutcrackers seem to combine distance information from two landmarks in a simple way. Each landmark contributes a component force and these forces are just summed. The ability to take ratios emerges as a consequence of this procedure and does not require complex interactions between landmarks. The second conclusion concerns the mechanisms that determine why an animal's search is dominated by landmarks that are close to the goal. Two separate factors seem to contribute to this bias. The first is simply that, as an animal moves away from the goal, the error signals from landmarks close to the goal are stronger than error signals from more distant ones. The second is that animals weight familiar landmarks according to their proximity. This weighting is evident in tests with widely separated arrays when an animal's attention is captured by the landmark that is normally nearest to the goal. 
